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We demonstrate that the coherence of a single mobile atomic qubit can be well preserved during
a transfer process among different optical dipole traps (ODTs). This is a prerequisite step in
realizing a large-scale neutral atom quantum information processing platform. A qubit encoded in
the hyperfine manifold of 87Rb atom is dynamically extracted from the static quantum register by
an auxiliary moving ODT and reinserted into the static ODT. Previous experiments were limited
by decoherences induced by the differential light shifts of qubit states. Here we apply a magic-
intensity trapping technique which mitigates the detrimental effects of light shifts and substantially
enhances the coherence time to 225 ± 21ms. The experimentally demonstrated magic trapping
technique relies on the previously neglected hyperpolarizability contribution to the light shifts,
which makes the light shift dependence on the trapping laser intensity to be parabolic. Because of
the parabolic dependence, at a certain “magic” intensity, the first order sensitivity to trapping light
intensity variations over ODT volume is eliminated. We experimentally demonstrate the utility
of this approach and measure hyperpolarizability for the first time. Our results pave the way for
constructing a scalable quantum-computing architectures with single atoms trapped in an array of
magic ODTs.
PACS numbers: 37.10.Jk, 03.67.Lx, 42.50.Ct
A quantum computer [1] or a simulator is a scalable
physical system with coherently controllable and well
characterized qubits. As an important candidate for
quantum information processing and quantum simula-
tion, a microscopic array of single atoms confined in op-
tical dipole traps (ODTs) has attracted a great deal of in-
terest in recent years [2, 3]. In such architectures [4] each
ODT-stored atom acts as a qubit, and an array of single
atoms in static ODTs forms a quantum register. An im-
portant requirement is the ability to controllably trans-
port a remote qubit, acting as a mobile qubit, into the in-
teraction range with other register atoms for performing
two-qubit gates. This transfer must be carried out with-
out influencing other qubits of the large-scale quantum
register. Recently, we experimentally demonstrated such
a transfer scheme [5], in which the single mobile qubit was
dynamically extracted from a ring optical lattice site by
an auxiliary moving ODT and reinserted into the orig-
inal site. We, however, found that during the transfer
process the qubits severely lose coherence. Although an
alternative transfer scheme between two ODTs has been
also demonstrated [6] and the coherence of the mobile
qubit was found not to be affected during the transfer,
this scheme is not suitable for scalable quantum systems
because the register static ODTs are switched off dur-
ing the transfer. If the register keeps holding qubits as
required for a scalable system, the static ODTs should
remain always on. Then the mobile qubit unavoidably
experiences large variations of the trapping potential in
the merging process between moving and static ODTs,
leading to the coherence losses.
Typically, an atomic qubit is encoded into a superposi-
tion of two hyperfine Zeeman levels of the ground states
of an alkali-metal atom. Generically different hyperfine
states experience mismatched light shifts induced by the
trapping laser field, leading to the so-called differential
light shift (DLS). The DLS depends on the laser inten-
sity at the qubit position and due to the spatial distri-
bution of laser field intensity in a trap, the qubit suffers
from strong inhomogeneous dephasing effect. Thereby
the coherence time is limited to scales of several ms in
red-detuned ODTs [7–10], or several tens of ms in blue-
detuned ODTs [11, 12]. To reduce the DLS-induced de-
phasing, one could add a weak near-resonant compensat-
ing laser beam, but at an expense of a substantially in-
creased scattering rate [13, 14], or employ the dynamical
decoupling methods such as the spin echo or the Carr-
Purcell-Meiboom-Gill sequence [7, 10]. The dynamical
decoupling methods are found to be efficient for qubits
in static ODTs but inefficient for mobile qubits. Indeed,
the heating of atoms and pointing instabilities of the trap
laser beams during the transfer can not be efficiently sup-
pressed by the dynamical decoupling methods, causing
the mobile qubits to lose coherence.
2Similar to optical lattice clocks [15], a complete control
approach over DLS is to construct a “magic” trap, where
the two qubit states experience identical trapping poten-
tials and the relative phase accumulation is nearly inde-
pendent of the atomic center-of-mass motion and trap-
ping field fluctuations. To this end, exploiting the vector
light shift, which acts like an effective Zeeman field Beff ,
to zero out the DLS of mF 6= 0 hyperfine states has been
proposed [16, 17] and demonstrated in 7Li [18]. Simi-
larly exploiting the vector light shift for cancelling DLS
of mF=0 hyperfine states in
87Rb atoms has also been
demonstrated [19, 20]. While at the cost of increased sen-
sitivity to the magnetic noise due to the requirement of a
several Gauss magnetic bias field, this technique has been
proven to be efficient in enhancing the lifetime of spin-
wave qubits in a 87Rb ensemble [21, 22]. Furthermore,
to reduce the sensitivity to fluctuations of both laser and
magnetic fields, doubly magic trapping for mF 6= 0 state
was proposed [23] and experimentally demonstrated in
87Rb atoms confined in optical lattice [24]. To date, the
magic trapping techniques have been proved to be ef-
ficient in suppressing inhomogeneous DLS of atoms in
static ODTs. The open question is whether these tech-
nique can be also used to mitigate coherence loss in ma-
nipulating the mobile qubits. This question is explicitly
answered in this Letter.
We begin by studying the DLS of solitaty station-
ary 87Rb qubits (here |0〉 ≡ |F = 1,mF = 0〉 and
|1〉 ≡ |F = 2,mF = 0〉) confined in a circularly polar-
ized ODT. We observe and measure previously neglected
ground state hyperpolarizability, which makes the DLS
dependence on laser intensity to be parabolic. Because of
the parabolic dependence, at a certain “magic” intensity,
the first order sensitivity to trapping light intensity vari-
ations is eliminated [25]. We further demonstrate that
the measured coherence time of the mobile qubits is the
same as for the static qubits, i.e., the transfer process
does not induce extra coherence loss.
The experimental details on trapping single 87Rb
atoms and individual qubit manipulations have been de-
scried elsewhere [5, 10]. Here, a modified optical layout
is illustrated in Fig. 1. The wavelength of the dipole laser
beams is λ = 830.0 nm with the waist of the trap-2 of 1.25
µm. We load a single 87Rb atom from a magneto-optical
trap via a collisional blockade mechanism [26]. It is worth
noting that in previous experiments on manipulating de-
generate ensembles in optical lattice [19], the trap depth
Ua ≈ 3.5 µK and thereby Beff = 12mG can be neglected
to the bias B-field. But here we confine single atoms
with temperature of several tens of µK in an ODT with
a much larger trap depth up to 0.6 mK. Now the Beff ≈
1.120 G becomes comparable to the externally applied
B-field. The corresponding vector light shift is so strong
that the usually neglected ground state hyperpolarizabil-
ity becomes important and must be taken into account.
Recent theoretical analysis by Carr and Saffman [25] re-
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Figure 1. (Color online) Schematic of the optical layout. A
movable 830 nm light beam (labeled as trap-1) is deflected
in two orthogonal directions by an acoustic-optic deflector
(AOD) which is driven by a radio-frequency (RF) signal. The
trap-1 is combined with another 830 nm light beam (trap-2)
by a beam splitter (BS). Their polarizations are purified by
a Glan-Thompson polarizer first, then actively controlled by
a liquid crystal retarder (LCR). Both laser beams are finally
focused by a microscopic objective to provide a 3D confine-
ment. The same objective also collects fluorescence from the
trapped atoms. The fluorescence is then detected by a single
photon counting module (SPCM).
vealed the importance of hyperpolarizability in reaching
magic conditions in trapping of Cs atoms.
The DLS of Zeeman-insensitive clock transition expe-
rienced by the 87Rb atoms in a magnetic field B reads
δν(B,Ua) = β1Ua + β2BUa + β4U
2
a , (1)
where δν is the total DLS seen by the atoms, Ua (in
unit of Hz) is the local trap depth, β1 is the coef-
ficient of the third order hyperfine-mediated polariz-
ability, β2 is the coefficient of the third order cross-
term and β4 is the coefficient of the ground state hy-
perpolarizability. The local trap depth Ua is given
in terms of the dominant dynamic ground-state po-
larizability α5s (ω) and the local E-field amplitude Ea
as Ua = −α5s (ω) (Ea/2)2 /h, where h is the Planck
constant. Then β1 = [αF=2 (ω)− αF=1 (ω)] /α5s (ω),
where αF (ω) are the hyperfine–interaction-mediated po-
larizabilities [20, 25] of hyperfine sublevels. β2 =
−2AµBαa5s(ω)[hν0α5s (ω)]−1 is expressed in terms of the
degree of circular polarization A, hyperfine splitting ν0
and the vector polarizability of the ground state αa5s (ω).
Finally, β4 = (A
2/2ν0)[α
a
5s (ω) /α5s (ω)]
2.
β2 and β4 depend on the degree of the circular polariza-
tion. For the sake of simplicity, we use fully circular σ+
light, that is A = 1. Varying the trap depths and B-fields
we can deduce the values of β2 and β4 in Eq. (1) from
our DLS measurements. In case of linearly polarized light
field, β2 and β4 terms vanish and DLS is linearly depen-
dent on the trap depth. Thereby we calibrate the trap
depth by comparing the measured DLS in the linearly po-
larized trap with the calculated value of β1 ≈ 3.67×10−4
from the atomic structure data [27, 28]. Then we mea-
sure the DLS curves in the circularly polarized trap-2 for
several values of magnetic fields. As shown in Fig. 2, all
of the measured curves exhibit nonlinear (parabolic) de-
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Figure 2. (Color online) DLS in the presence of hyperpolar-
izability. DLS of a qubit in the circularly polarized trap-2 is
measured as a function of trap depthes at various magnetic
field strengthes. The solid curves are fits to the Eq.(1). The
inset plots the minima UM in the DLS curves as a function
of magnetic field B. The light intensity of each minimum is
chosen as the magic intensity at that B-field value.
pendence of the DLS on the trap depths unlike the linear
dependence in previous measurements [19]. Given our
calculated value of β1 ≈ 3.47 × 10−4 for circular polar-
ization, all the curves are fitted to Eq.(1) yielding the
values of β2 and β4. Averaging over all of the fitted re-
sults, the β2 and β4 are found to be -0.99(3)×10−4G−1
and 4.6(2)×10−12Hz−1 respectively. We also carried out
numerical evaluation of β parameters using the formal-
ism and the high-accuracy techniques of atomic struc-
ture described in Refs. [20, 23]. The theoretical results,
β2 = −1.03× 10−4 G−1 and β4 = 4.64× 10−12 Hz−1, are
in a good agreement with the experimental values. Fur-
ther, from Eq. (1), the minimum trap depths are given
by UM = −(β1 + β2B)(2β4)−1, i.e., they scale linearly
with B-field. Fig. 2 inset shows the linear dependence of
the measured DLS minima on the external B-field. When
B → −β1/β2 ≈ 3.51G, UM approaches 0 and the trap is
too weak to trap atoms. In contrast, for smaller B-fields,
larger magic light intensity trapping depths are needed.
It means that the atoms scatter more spontaneous Ra-
man photons from the trapping laser, leading to faster
spin relaxation rate. To strike a compromise between
the reliably of trapping atoms and the suppression of the
spin relaxation rate, we set the working magnetic field to
3.115G.
Next we measure the dependence of qubit coherence
times on the ratios of trap depth to the measured magic
trap depth which is the fitted minimum (with 10% un-
certainty) in the DLS curves for 3.115G in trap-2. The
coherence time is measured by recording the decay of
the visibility of Ramsey signal, as shown in the inset of
Fig. 3. By varying the trap depths, we find the longest
coherence time at around UM , which is consistent with
the magic operating condition ∂δν(B0, Ua)/∂Ua = 0. At
Ua = UM , τ = 225± 21ms.
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Figure 3. (Color online) Coherence time τ and its dependence
on normalized ratios Ua/UM . At Ua = UM , τ = 225 ± 21ms.
The error bars of ratios are from the measured error of UM
(10%). A coherence time is extracted from a decay time of the
envelope of Ramsey visibility, as shown in the inset, which is
the measured visibility of Ramsey signals as a function of the
duration between two pi/2 pulses at UM . All the accompa-
nying error bars of coherence times and visibility are fitting
errors. The theoretical curve is obtained by combining the
calculated T ∗2 with Eq.(2), an estimated T
′
2 ≈ 300 ms and the
measured value of T1 ≈ 4 s.
Theoretical interpretation of Ramsey-type measure-
ments (solid curve in Fig. 3) requires special care due
to the thermal distribution of loaded atoms. Before pro-
ceeding with the thermal averaging, we remind the reader
that the decay time τ of the Ramsey signal can be decom-
posed into two main parts, 1/τ = 1/T1+1/T2, where T1
is longitudinal relaxation time and T2 is transverse de-
cay time. In our experiment, the measured T1 is over
4 s and 1/T1 can be neglected. In addition, T2 can be
decomposed as 1/T2 = 1/T
′
2 + 1/T
∗
2 , where T
′
2 is the ho-
mogeneous dephasing time and T ∗2 is the inhomogeneous
reversible dephasing time [7, 10].
In our experiments, the DLS and coherence time
are deduced from multiple repeated single atom mea-
surements. We thereby consider a collection of all
trapped single atoms as a thermal ensemble. Their
energy distribution in the ODT is the Boltzmann
distribution with the probability density p(Ea) =
(Ea/
√
2)2(kBTa)
−3 exp(−Ea/kBTa) [7], where kB is the
Boltzmann constant, Ea is the sum of kinetic and po-
tential energies, and Ta is the temperature of the atoms.
As a thermal ensemble, atoms have an average potential
energy 3kBTa/2. The average trap depth Ua seen by the
thermal atoms fulfills hU0 = hUa − 3kBTa/2, where U0
is the trap depth at trap minimum. Thereby the aver-
age trap depth U(Ea) of an atom of energy Ea > 0 is
given by U(Ea) = U0+Ea/(2h) in the harmonic approx-
imation. For magic trapping Ua(Ea) = UM and with
Eq. (1) it reduces to a DLS δν(B,UM ) = δνM + δνE ,
4where δνM = −(β1 +Bβ2)2(4β4)−1 is the DLS mini-
mum, and δνE = β4(Ea − 3kBTa)2(2h)−2. Clearly the
temperature-dependent term δνE leads to residual inho-
mogeneous reversible dephasing.
Further, the Ramsey interrogation sequence consists of
applying two pi/2 microwave pulses separated by a time
interval t. The population of the |0〉 qubit state at the
end of the sequence follows P0(t) = 1/2 + cos[2pi(δ +
δν(B,U))t]/2, where δ is the detuning of the pulse fre-
quency from the atomic resonance in free space. Av-
eraged over a thermal ensemble, the Ramsey signal
PRamsey,inh(t) is an integral over all allowed energies
Ea 6 h|U0|:
PRamsey,inh(t) =
∫ h|U0|
0
p(Ea)P0(t)dEa. (2)
Given the measured Ua and temperature Ta, we carry out
numerical evaluation of Eq. (2) and obtain the values of
T ∗2 , which is the 1/e decay time of the amplitude of Ram-
sey fringes. At the magic light intensity (Ua/UM = 1)
and a temperature of 17 µK, we obtain T ∗2 ≈1.5 s. For
different Ua/UM we thus have different T
∗
2 . Together
with an estimated T ′2 ≈ 300 ms [5], and an indepen-
dently measured value of T1 ≈ 4 s, the coherence time τ
is deduced for each ratio of trap depths, and is plotted
as a curve in Fig.3.
Notice that the predictions of described model devi-
ate from the measurements when the trap depth is away
from the magic point. This is likely caused by the ne-
glected anharmonicity of the motion of the atoms in the
Gaussian ODT at high temperatures. In this experiment,
the decay time of the Ramsey signal is dominated by
the magnetic noise. It is worth noting that the homo-
geneous dephasing time due to relative intensity fluctua-
tions (0.15%) and heating rate (2µK/s) are estimated to
be 300 s and 34 s respectively[5, 7], thereby both of them
can be neglected for magic trapping. Meanwhile, because
of working magnetic bias field is relatively large, 3.115 G,
compared to our previous work [5], the sensitivity to the
B-field noise is enhanced; this is presently the dominant
source of decoherence.
Finally, we study the coherence loss of a mobile qubit
during a transfer process. The key issue is to see whether
the described magic trapping technique can mitigate the
coherence loss of the mobile qubit. The experimental
time sequence is illustrated in Fig.4. The trap-1 (mo-
bile ODT) and trap-2 (static ODT) serve as the “moving
head” and the “register” respectively. The trap-2 is op-
erated at the magic-intensity condition, i.e., trap depth
of 0.17(2) mK and magnetic field of 3.115G. In this trap,
the measured temperature is about 8 µK, translating into
T ∗2 ≈ 6.6 s. Once the atom in the |1〉 state is confined
in trap-2, a pi/2 pulse is applied. At 1.9ms, the trap-
1 is overlapped with trap-2, switched on, and ramped
up to 0.2 mK within 0.1 ms. Then the trap-1 is moved
away from trap-2 by linearly sweeping the AOD driving
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Figure 4. (Color online) Schematic illustration of the transfer
process of a mobile qubit. An atom in a superposition state
(the qubit) is initially confined in the static ODT (trap-2). It
is then overlapped with the mobile ODT (trap-1). The qubit
is extracted out by the mobile ODT and becomes a mobile
qubit. The mobile qubit travels for time interval t, and then
it is returned to the static ODT.
frequency. Since the moving trap-1 is deeper than trap-
2, the atom follows trap-1 [5] and is extracted out by
the mobile ODT. The extracted atom becomes a mobile
qubit. The mobile qubit travels for a duration time t.
Then it is sent back to the static ODT, and the trap-1
is ramped down within 0.1 ms. The qubit returns to the
original register site again. No measurable particle loss
has been detected after the transfer process. To measure
the coherence loss, the second pi/2 pulse is applied at
time T to complete the Ramsey interferometry sequence.
The measured Ramsey signal as a function of time T
is shown in Fig.5, together with the Ramsey signal for
static qubits. The fitted decay time of the Ramsey signal
of single mobile qubits is the same as for the static qubits.
At the beginning and the end of the transfer, the atoms
are confined in an overlap of the two traps. The total trap
depth is up to 0.37 mK and is far away form the magic
operation condition. The dephasing time of the qubits
trapped in this overlap trap is measured to be about 25
ms. But the actual trap overlap duration (< 0.2 ms) is
too short to cause significant dephasing. Besides, for the
measured temperature of 14 µK, the estimated dephas-
ing time in the “moving head” trap is long, T ∗2 ≈ 3 s .
The entire transport takes only 2 ms and the accompa-
nying dephasing is negligible. After returning to trap-2,
the temperature of the atoms is increased to 16 µK. Us-
ing Eq. (2), the calculated T ∗2 in magic trap-2 drops to
about 1.9 s because of the increase in the temperature.
This causes mobile qubits to lose 10% of their coherence
time, which is undetectable in the experiment, as verified
by the data in Fig. 5. This is because with the magic
trap method, fluctuations of other sources like heating of
atoms and pointing instabilities of the trap laser beams
have been greatly suppressed. The remaining dominant
noise source is the magnetic noise which is not changed
5during the transfer process. The data in Fig. 5 shows
that mobile qubits do not experience additional coher-
ence loss in the transfer process, and the magic ODTs is
indeed robust for coherently transfer of mobile qubits.
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Figure 5. (Color online) Measured Ramsey signals for sin-
gle static qubits (black square) and single mobile qubits (red
dots) at B=3.115 G. Every point is an average over 100 ex-
perimental runs. The solid curves are fits to the damped
sinusoidal function. The fitted values of coherence times τ of
static qubits and mobile qubits are 206 ± 69 ms and 205 ±
74 ms respectively.
In summary, we demonstrated a coherent transfer of a
mobile qubit, a prerequisite step in realizing a large-scale
neutral atom quantum information processing platform.
This transfer was crucially aided by magic trapping tech-
nique that mitigated the leading source of decoherence,
the differential light shift for two qubit states. To this
end, we experimentally demonstrated the novel technique
of magic intensity trapping. This technique relies on the
importance of the previously neglected ground state hy-
perpolarizability which makes the dependence of DLS on
laser intensity parabolic; at the extrema of that depen-
dence, the DLS is insensitive to spatial variations and
fluctuations of the trapping laser intensity. The mea-
sured coherence time is limited by the residual magnetic
noise. The coherence preservation of single mobile qubits
has been demonstrated. Extending the operation to a
large scale register is straightforward. Our results pave
the way for constructing a scalable quantum-computing
architectures with single atoms trapped in an array of
ODTs. The quantum gate operation may also be im-
proved by using the magic trapping technique [29]. Al-
though this work has focused on quantum information
processing applications, the demostrated magic trapping
technique is anticipated to benefit other studies with op-
tically trapped atoms, e.g., controlled coherent collisions
between 85Rb and 87Rb atoms [30].
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